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SUr{ARY

Data on fusl-vapvor lose from fuel tanks during simulated flight
obtained by slix laboratories were analyzod to show the effects of
individual veriables such as altlitude, initial fuel temperature,
rate of climb, booster-pump agitation, fuel depth, fuel-surface
area, types of fuel, and vent~line pressure dror on fuel-vavor loss.
From this analysis, the following councluelons were reached:

1. Fuel—veror losses durirg flisht were apsreciable (3 percent)
for flights to aititudes as low as 20,00C feet with an initial fuel
temer=ture of 1207 ¥. For a flight consisting of a climb to &
35,C00~foot altitude rith this altitude mnintain-d for 8 hours and
with the booster pamp in oneration; lossses of 20 nercent could be
obtained with AW-F-25 fuel at an initial temperature of 120° F.

2. Moet of the fuel-vepor logs occurred durirg the climb vor-
tlon of the ¥light with relatively little logs during the romalnder
of the fllght at constant altitude when no booster pumm was usod.

3+ The fuel-vapor loas increased linearly with altitude beyond
e critical altltude (the theoretical altltude at which fuel~vapor
loss begins).

4., The critical altitude increascd with decreesed initial fuel
tomperature.

5. The fuel-vapor loss increased linearly with an increase in
fuel temverature above approrimately 30° F.

6. Booaster-pump agitation markedly increased tho fuel-~vamor
loss only during tho oconstanit~alfitude portion of the flight.
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7. BRate of climb to a given altitude had little or no effect
on the fuel-vavor loss for rates of climb from 500 to 4000 feet
per mimite.

8. Tuel depth had no effoct on fuel-vapor loss for depths
varying from 1/3 foot to 2 feet. The losses due to foaming, surglng,
or boiling~over were not Investigated.

9. Variations in fuel-surface area had little or no effoct on
fuel-vepor loss for surface areas varying from 0.034 squars foot
to 2.7 square feet.

10. Vent-line pressurs differential inereased with increased
rate of climb end, at a constant rate of climb, bullt up rapidly
soon after the critical altitude had teen reached. When a constant
rate of climb was malntailred, the vent—~linc pressure differential
tended to level off.

IZTRODUCTIOA

The fuel-vapor loss from an aircraft fuel tank during flight
is controlled by flight v:riables and by fuel characteristics. Some
of the basie corncents relating fuel characteristics to the problem
of fuel-vapor loss have been luvestlgeted In cormectinn with
studies made on vapor-locking of fuel systems. The ckhanges in fuel
charecteristica during flight, the effect of weathering, and the
affect of alr dissolved in the fuel on the vapor-locking tandencles
cf the fuel, as well as a methcd of reducing fuel-vapor loss by
cooling the fuel hefore flisht, have bean discuesed in several
progress renorts of the Coordinrting Reseerch Jouncil. The factors
affecting fuel-vepor loss discursed herein include eltitude, ini-
tial fuel tempercture, rate of climb, dboostoer—oumn agitation, fuel
depth, fuel—surface area, types of fusl, and vont-line pressure
droxu.

Data covering ths effect of these veriables on fuel-vavor loss
were obtained in 1943 and 19! by elx laboratories — Bosing Aircraft
Company, %Nesh Engineering Company, Chio State Univeorsity Research
Fcundation, Pesco Products Company, Pratt & Whitnecy Alrcreft, and
Thompson Prnducts, Inc. - for thoe Army Air Forces, Alr Technicel
Service Command, and the Javy Deopartment, Bureau of Aeronautics.

At the request of the Army Air Forcesm, these data vore analyzed
atuﬁhe NACA Cleveland laboratory during August and Septomber of
194k,
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APPARATUS AND TEST PROCEDURE

The apparatus used by each of the six laboratories is listed
in table I for comparison. In general, the apparatus consisted of
a fuel tank subjected to altitude pressures by a vacuum pump, a
means of measuring fuel loss during the test, and a means of con-
trolling and measuring the fuel temperatures. The simulated-flight
control usually consisted of a manually or automatically operated
bleed valve in the line between the vacuum pump and the fuel tank
for regulating the rate of climb and the altitude. The altitude
pressure was measured by a manometer connected to the outer end of
the vent line, by a manometer connected to the inside of the fuel
tank, or both, The amount of fuel~vapor loss was {ound by measuring
the change in fuel weight of a fuel tank mounted on a balance, by
measuring the change in fuel volume with a calibrated glass window
in the tank, or by condensing the escaping fusl vapor and taking
volume measurements of the condensate.

A similar test procedure was followed by each of the six
laboratories. The fuel was first Leated to the desired initial
fuel temperature and the fuel tank was then evacuated according to
the deslired flight path. Altitude-pressure and fuel-temperature
readings were recorded at definite time intervals. A sample of
the fuel was taken at the beginning and at the end of each test in
order to measure Reid vapor pressures and to obtain A.S.T.M. distil-
lation curves, The procedure followed and the simulated flights
conducted by each of the laboratories are presented in table II.

EVALUATION OF TEST PROCEDURE
General Sources of Error

In order to evaluate properly the data presented, the several
possible sources of error in the test procedure and the differences
between the conditions that may occur during actual flight and
those that may occ'ir during simulated flight should be considered.
These sources of error common to most of the test installations
used to obtain the data in the six laboratories are discussed in the
following paragraphs, not necessarily in the order of their relative
importance because that order is not knomn.

1. Air leaks through the seams, the welds, and the fittings of
the fuel tank are the most serious possible sources of error. A
relatively small air leak near the bottom of the fuel tank would
produce appreciable losses at the higher simulated altitudes and
the losses would increase as the dwration of the flight increased.
In all tests, excest those conducted by Nash, atmospheric pressure
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vas on the outside of the fuel tank and altitude pressure was on
the inside., In most cases it was rather difficult, if not impossible,
to be certain that no leaks were present.

2. In none cf the tests, except those conducted by Nash and by
Boeing (test setup No. 2), was any attempt made to control the tem-
perature cf the air surrounding the fuel tank. Although in all
cases the fuel tank was insulated to some extent, any heat transfer
from the fuel to the outside air would affect the test results.

In the tests conducted by Nash, the surrounding-air temperature
was maintained at 70° F; whersas, during the tests conducted by
Boeing, the surrounding-zir tempersture was maintained equal to the
fuel temperature.

3, In 211 of the teats except those conducted by Ohio State,
the fuel temperature was measured a2t a single pcint in the fuel
tank., In tests conducted with small quantities ol fuel, such as
those periformed by Boeing on the preliminary test setup and on test
setup Ho. 2 whers 2 liters of fuel were ussed, it is entirely possible
that the average fuel temperature was measured, With the larger
quantities of fuel (5 to 3C gal) used by the other laboratories, it
is highly improbeble that tne average temperature of the fuel through-
out the tank at the start of the test could be measured at a single
point unless the fuel was agitated for a long period of tize., In
the tests conducted by Ohio State, the thermocouples were located
6, 12, 18, 2, and 30 inches from the tottom of the tank. Thus an
accurate check on the fuel temperature throuphout the full depth of
the tank wos possible.,

i, The effect on fuel-vapor loss of the amount of air dissolved
in the gasoline was nnt investigated by any of the laboratories.
This varizbls may have introduced some error in the reported test
results but its magnitude cannot be estimated because. ble:effect of
dissolved air on fuel-vapor loss is not known.

5. Airplane altitude is usually considered to be the pressure
altitude outside the airplane, which is the same as the pressure
altitude outside the fuel-tank vent line. In the simulated flights
conducted by most of the laLwratories, the pressure altitude at the
eni of the vent line was controlled. In the tests conducted by
Boeing and by Pratt & ‘nitney, however, the measured altitude was
the nressure altitude existing witiiin the fuel tank and therefore
should differ from that measured by the other laboratories by the
difference between the pressure within the fuel tank and the pres-
sure at the end of the vent line,
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Individusl Sources of Irror

The individual sourcee of orror and the differences betwoen
actual-flight conditlons and simulated-flight conditions for the
test procedures of each of the slx laboratorles are as follows:

Boelng Alrcreft Company. — Three test inastallations, referred
to as "preliminary setup,” "test setup No. 1," and "test setup
No. 2," were used in the test conducted by Boeing. The test
resultes obtalned with tost sotup Wo. 2 were considered by Boeing
to be the most reliable and the greatest emphasis was placed on
theso results.

In the fuel-tempering process in the preliminary setup and
sotup ¥o. 2, the fuel was electrically heated. During thie heating
process, localized boiling might possibly have taken place and
caused some fuel loss or weathering prior to the simulated flight.
The Boelng report does not state whother the system was closed to
the atmosphoro durlng the temperirg process nor whether attemots
were mado to measure any fuel loss occurring during this process.

The Boelng roport does not stetc wvhethor the weighing scale
usod in the preliminary setup and setuo o. 2 was calibrated. With
the vent and the manometer line connected éircctly to the flaslk,
an lncorrect weight measurement could possibly have been obtained.

¥agh Engineerirngs Company. - In the tosts conducted by ¥agh,
the fuel was brought to the Cosircd tomporature by clrculating 1t
through an e tcrnal heat exchanger by a booster nump. The lash
report doos rot stato whother the vent to the atmosphere was closed
during this tomporing process or whothor en attempt was made to
measuro the loss, 1lf any, during thile perilod.

All fuel measurements wero mado on & volume basls and had %o
be corrected to present the data in terms of weight loss of fuol.
Involved in tho convorsion are compensations for the tomporature
and for tho spocific gravity of tho romaining fuel. The method used
of detormining tho variation of spccific gravity with wercentage
loes is not statod.

No fuel-loss measurements were made during the climb period.
Tho fuel loses was calculated only et 10 minutos aftor the end of
the climb and &t the ond of the test, although data were taken at
definlite time intorvals throughout the conastant—altitude portion
of the simuletod flight.

Ohlo State University Roscarch Foundation. - The date orcsonted

by Ohio State show that the Roid vapor pressure of the gasolino
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moagurod before the start of the tests varied from 5.32 to 6.42
vounds per square inch. Figure 1, obtained from tost dota, shows
that a variation of initial Reld vapor pressuroc betweenr these limite
mey cause a variation of as much as 8 percent in tho fuel-vavor loss.
(The initial Roid wapor wressure of test No. 2-120-Bl was 2.C8 pounds
por square inch. Inasmch as this 1nitial Reld vapor pressure vas
lower than the final Reid vapor vressurc of thls particular teat,

1t was considered to bo a typogrephical error. )

The DNeld vapor vressure of the fuel at the start of the tests
docrcased with an increase in the initial fuel teuweorature. This
docrease indicates theat the fuel may have been woathered during the
hoating procoss. In somc cases the gasdoliro was stirred in the
fucl tank to equalize the fuel tomerature within the tank but the
method of stirring the gasoline 1s not statcd. Stirring of the
gasoline may woathor tho fuel arnd affoct the fuel-vapor lors,
especlally if the tank is ventod to the outeldo atmosphero during
this proceas.

Posco Products Cormany. — Very little informntion is prosented
in the Pesco ropert about thec test procedure uned. ¥rom the in-
forration obtained during & tslevhono coaversn~tion with ¥r. R. B.
Wallace, project ongineer for theso tests, 1t was concludad thet
somo of the pocsidle rourcas of orror areo ac follows:

1. Tho scalo usod during tho tosts was not calibrated. With
the vont, the mnnometer, tho thermocouplo, and tho booster-numo lines
connectod directly to tho fuol tank, 1t 1s possible that an lrcorroct
velght mersurement could have been obtalned.

2. Te fuel wrs hoated br circulating 1t through tho coils of
an 0il bath meintained at a tcmuoreture of apnroximetely 150° F.
Some localizod boiling of tho fuel meoyr have occurred in the oil
bath bececause the iritial boiling moint of the fucl is below 150° F
(normall+ betwecn 1002 ¥ =nd 120° ¥).

3. Somo of the vepor formed during the temporing process by
localized fuel beiling and agltetion mar have oscaped through tho
vent 1linoc inamsmuch as it wes oren during this jeriod. Tho Pcaco
roport does not state whethor any measurcmonte of possible fuel loss
during t:is period were mado. ¥No chock on this possible loss can
ba made bocauso tho initlal fuel sample was removoed beforae tho fuol-
tonperinz procoss.

4, Tho fuel temporeture was noagurcd by a single thermocouple
locatod approximately li inches from the bottom conter of the tank,
vhich may not havo measured the truo average fuel tomporaturo within
the tank.
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Pratt & Whitnoy Aircraft. ~ The fuol was heated to the docsired
initial temporature by stcam coils. Inasmuch as tho temperature of
stoam &t 67 above 'atmosphoric pressure-is-woll above .the-initial
boiling point of AN-F-28, grade 130 fuol, localizecd boiling around
‘the heating coils could have occurred with possible resultant fuel
loas bofore the beginning of the actual test.

The condenscd~vapor method uscd for measureing tho fuel-vapor
loss 18 subjoet to some error. Unpublished data obtainod at the
NACA Cleveland leboratory indicete that fuel rocovery by condensation
. (at extremely low temperatures) after vavorization scldom ylelds
complote recovery. Botwcen tho time the fuel was lost and +tho time
it was recovered, a time lag existed that was not accounted for in
tho data prosented.

During, the fuol-tecmmering process, the fuol was held at tho
desired initial temverature for 15 minutoe before the atert of
slmilatod flight. The fuel bosstor pumo vas overatod during thilas
time for botter temmereture equalizetion. The Pratt & Whitnoy
report doos not state vhether any fuel lcss occurred during this
period of fuol conditioning or whether any attemnt was mado to
moasure such loas.

All measuroments wero made on & volume basis and wero corrocted
to wrescnt tho deta 1n welght loss of fuol. Involvod in the con-
vorslon aro compcnsations for the terperature and for the spvecific
gravity of tho recoverod fuol. Tho varlation of srecific gravity
with volumo vorcentage loss was dotor.aiined by mcasuring the spocific
gravity of the fuol distilled, using an A.S.T.M. distillation
arparatus. Thc valuo of the results of this procedurs is doubtful
becausos tho -process of boiling theo fuol to produce the vavors in
ar A,5,T.,M. distilletion apoaratus may be vastly difforent from the
process of loss through the decreased pressure of almulated flight.
¥o ovidonce is presented to substantinto the supposition that the
two processos vroduce identical fuol losses of identical composition.

Throughout the Pratt & Whitney rovort all curves aro prosented
without tho exporimontal-datas points, although it wes statod that
readings worc talen ovory 2 minutes during the test. The presonce
of data pointe would permit a more couprehensivo analyeis of the
data. BSome veriation botween tests is indicatod, especially in ono
case, vhere, bcoeuse the rates of cliub in all tests wero the samo,
the losses during the climb period for the three tests should agrce
but do not. For oxemple, tho fuel loss aftor = c¢limb to 35,000 feot
is 2.15 percent in ono teet &nd 3.2 porcont in anothor (a possible
difference of aporoximately 49 nercent).
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Thompson Products, Inc. — The data presented by Thompson Products
show thet the Reld vepor pressure of the gasoline msasured before
the start of the test varied from 6.1 to 6.7 pounds per square
inch. JFigure 1 shows that a variation of initial Reld vapor pres—
sure between these limits may cause a varietion of as much as
L.2 percent in the fuel-vavor loss.

Probably the mcat seriocue source of error in this serles of
teats is the varlation of the temperature of the air surrounding
the fuel tank (from 42° P to 79° ¥). The temverature of the alr
surrounding the fuel tank was consistently lower during the aglitated
runs than during the unagitated rune.

. RBSULTS AND DISCUSSION

Although the apparatus and the- test v»rocedure used by each of
the laboratorlea varied somswhat, the results obtained can be com-
pared on the basis of the several vrriables studied. As mary eas
posslble of the data presented were used, although in some cases
only one or two laboratories obtalned date for a varticular variable,
The results cbtained by the slx loboratories were coumared on the
basis of the effects of the individual varlables such as altitude,
initial fuel temperature, rate of climb, fuel agitiatlion by means of
e booster pump, fuel depth, fuel~gurface area, types of fuel, and
vent-line prensure dro> on the fuel-vapor loss during slimlated
flight. When & com.arison was made of the results obtained by each
of the six laboratnries for a particular variable, an attempt was
made to compare them with the other corditions held constant.

Simlated-Flight Time

All the laboratories usually mezsured the fuel-vapor loss
during simulated fllght as a function of simulated-flight time.
(See fig. 2.) The curves of fuel-vepor loss plotted as a function
of slmulated~flight time have the sase genersl form and show that
the greater prrt of the fuel-vapor loss took place during the climb
period, with relatively lilttle loss during the remainder of the
flight at constant altitude. It is believed that the rapid fuel
boiling causad by the decremsse in presrure above the fuel during
the climb period ends shortly after the start of the constant-
altitude portion of the simulated flight. The loss occurring
thereafter could be due to normal cvajoration into the surrounding
atmosphers at the new altitude.
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Altitude

The effect of altitude on fuel-vapor loss 1s shown in flgure 3,
in vhich the fuel loss during the climb reriod has been plotted as
a function of altitude with initial fuel temperatures of 6C°, £0°,
90°, 100°, 110°, and 120° F. A reprosentative average nas been
drawvn for each teaperature and these curves-are presented in fig-
uro 4. In these curves the data obtained by Pesco veried so greatly
from the average of the data obiained by the other laboratoriea that
they wero disregarded wvhen the average curvo was drawn. In figure U
the curves for the various initial fuel temperatures follow the same
general trend. ZFEach curve ahows A negligible loss up to an avprox—~
Amate critical altitude (the theoretical altitude at which fuel-vapor
loss begins) from which poirnt the fuel-vepor loes increases linearly
with increased altituds. The small transition section preceding the
linear psrtion of the curve may be caused by the presence of alr
elthor in solution within the fuel or sbovs the fuel, which, upon
belng remov~i, cerries with it some fuel vapor. The fact that the
varistion of fuel-vapor loss with eltitude 1s a linoar function is
amply brought out in figure 5, in vhich date are plotted from a
teat conducted by Boelng to en altitude of 55,00 fect.

Inasmuch as the slopes of tha linear portions of the curves of
figures U and 5 arc vory moarly oqual, tho following ogquation bascd
on the avorage slopes of thee» curves, noglncting the transitlon
section vhere the loss is smcll, czn te derived to apnroximetc the
variation of fuel-vepor loss wilth altitude during a climb:

2 - Z,
1.86

(1)

L fuel~vapor loas, porcent
Z altitudo, in 1000 foet

Z, critical altltude, in 1000 feet

Initiasl Fuel Temmersture

The marked effect thet initial fuel temperature has on fuel-
vapor loss is shown in figure UY. Because tke vapor vrensure of the
fuel increases with temmerature, the critical altltude decreases
with incroessed fuel temperature. The critical alititude can be
obtalned by extending the linear portion of the curve of fuel-vapor
1nes plotted againet altitude to the point of zero loss. The
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critical altitudes thus obtained from figures ly.and 5 are plotted
as a function of temperature in figure 6. This figure indicates
that a linear relation exists between the initial fuel temperature
and the critical altitude. This relation for the fuels used in
these tests may be expressed by the equation

Zy = 59.4 - 0.37T (2)
where T is the initial fuel temperature in °F,

Equation (2) may be combined with equation (1) to give a
possible gzneral equation for the fuels used in these tests relating
the fuel-vapor loss during a clirb to =2ltitude with initial fuel
temperatures between 60° F-and 120° F:

Z+ 0,37.T ~ 59.h
= 1.86 (3)

It may be necessary to obtain-additionel data to establish completely
equation (4) for future use.

L

The fuel-vanor loss at saveral periods luring thz test (10 min,
1 hr, and 8 hr after the end of the climb period) is plotted in fig-
ure 7, which shows that fuel-vapor loss tends to vary linearly with
initial fuel temperatures above approdmatcly 80° F after the end
of the climb period as well as during the climb period.

Rate of Climb

The effect of rate of climb to a given altitude on fuel-vapor
loss is shown in figure 8. Althouph all the data presented were
obtzined by Boeing, the results indicate that the rate of climb to
a given wltitude had little or no e¢ffect on fuel-vapor loss with
rates of climb varying from 500 to 2000 feet per minute. The.Nash
tests also indicated that no appreciable change in fuel-vapor loss
ocourred with a change in the rate of climb from 2000 to 1,000 feet
per minute. The data obtained by Boelng cannot be directly compared
with those obtained by the other laboratories because the Boeing
tests were conducted with an initial fuel temperature of 110° F,
whereas the tests of the othar laboratories were conducted with
initial fuel temperatures of 120° F and 100° F. The two average
fua%—vapor curves from figure l; at initial fuel temperatures of
120° F and 100° F with rates of elimb of 4000 feet per minute are
also shown in figure 8. The curves obtairned by Boeing fall very
nearly midway between the othsr two curves with almost the same
characteristics and slope, vhich seems to indicate that rate of
climb has little or no effect on fuel-vapor loss, even up to a rate
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of climb of ;000 feet per minute. Increased rates of climb above
1,000 feet per minute may cause increased fuel loss if surging and
" foaming are encountered. St e = e

Booster-Pump Agitation

A series of curves siowirg fuel-vapor loss as a function of
initial fuel temperature (fig. 9) similar to the series showing the
effect of initial fuel temperature on fuel-vapor loss was obtained
with the fuel agitated and circulated by a booster pump., This
series of curves and the series obtained with the fuel unagitated
are replotted in figure 10 for comparison, This figure indlcates
that the fuel-vapor loss both with and without agitation tends to
be nearly equal at the end of the climb vperiod. Figure 10 also
indicates that, as the flight progresses at constant altitude, the
loss with agitated fusl becomes lncreasingly:greatetr-than-that with
the unagitated fuel. During the clinb period, the high rate of
fuel lnss resulting from the boilipng of the fuel is accompanied by
considerable agitation of the fuel. The action of the hooster pump
adds 1ittle to the agitstion already present or to the fuel loss
during the relatively short climb period. During the relatively
long qulescent constant-altitude portion of the simulated (1ight,
however, the additional loss due to booster-pump aritation is
readily evident,

Fuel Depth

Data obtained by three laboratories (Ohio State, Thompson, and
Nash) on tha effect of furl depth on fuel-vapor loss at 10 minutss
after the cnd of the climb tuv 35,000 ieet with an initial fuel tem-
perature of 120° F are presented in figure 11. This figure indicates
that fuel depth has no effect on the fuel-vapor loss for fuel depths
varying from 1/5 foot to 2 feet. The losses due to surging, foaming,
or boiling-over when the fuel tank is filled close to capacity were
not investigated.

Fuel-Surface Area

Nash, the only laboratory reporting tests on the effect of
fuel-surface area on fuel-vapor loss, conducted similar tests with
two fuel tanks, one having a fuel-surface area of 1 square foot and
the other a fuel-surface area of 2.7 square fset. Nash reports an
average tuel-vapor loss of 16.7 percent (average of four tests)
during a simulated flight with the smaller tank and 16.37 percent
(avera;e of three tests) with the larger tank for the same simulated
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flight. Thesc results scem to indicate that the variation of sur-
face area has a negligiblo offect on fuel-~vapor loss.

Table I indicates that four of tho othoer laboratories conducted
tests in which the fuel-surface arcas were ncarly equal (approxi~
matoly 2.7 sq ft); whereas Boeing (with test setup No. 2) conducted
tosts in which the fuel-surface arca was oxtremely small (approxi-
matoly 0.034 sq ft). The fuol-vapor-loss corrlcation obtained among
the slx laboretories in figures 3, 7, and 10 indicates that the
surfaco area of the fuel has little, if anv, offect on fuel-vapor
loss. Iasufficient data aro presontod for a moro comprchensive
analysis.

Types of Fuel

Soveral fuels wereo used by tho verious lsboratories in the tests
conductod to determine the fuel-vanor loss during simulated flight.
Booing and Prett & Whitnoy (and, although not stated, probably
Thompson and Ohio State) usod AN-F-28 fuel; Posco used 87-octane and
65~octano fucl; end Nash usod AN-VV-F-776, Amcrdment-3 fuel and
AV-VV-F-78L, Amendmont-5 fuel. (Sce table I.)

As i=dicatod in figire 2, thc fuels uscd by Hash resulted in a
slizhtly lowor fuol-vapor locs than thoso uased by Ohlo State and
Thomoeon. L6 loss under the ssmo conditionr for Pesco 1s not
vlottod in this curve because it wrs so larze as to nreclude the
poseibility of any cause oxcept air leetage. (Loas at the ond of
tho Pesco test for the same conditlons as thoso shovm in fig. 2 wns
38. vercont.) In figurc 7 tho fucl-vavor lossos at sevoral initial
fuel temweraturce for oach of tho laboratorics, oxcont Booing, aroc
comoarcd and show ..0 goneral trond. Ingufficiont cvidonce 1s
proaonted for a comprohonsive aralvsis.

Prossuro Drop in tho Vont Linc

The prossure drop in tho fuol-tank vent lince is important
becauso a prossuro difforcntial less than a specified maximum must
bo maintairod across tho wall of tho fucl tank during flight to
agsuro tho solf-soaling provertiocs of tho fuel tank whon 1t 1s
ponotrated by gun fire.

Data obtained by three laboratories (Hash, Thompsor, and Booing)
on tho srossurc drop in vent linogc during simulated-flight tests
undor sevoral flight conditions aro prcscntod in figuree 12 and 13.
Because of tho variations in sizo and configuration of the vont linos
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used ir the various tosts, the reguitn obtained from thoso ladora~
tories cannot bc comparod; the rosults obtained by oach laboratory,
howovor, willl be discussed indlvidwally......... . _. ._ -

Negh Engincering Company. - Tho vont line consisted of 10 fect
of l-~inch-outsido-diamotor vent pipe and was wound in & large loop
around tho fuel tank within tho altitudo chamber. The vressure drop
in the vont lino wes measurod by a difforontial manometor connectod
botweon the innide of tho fuol tank and 2 point near the ond of the
vent lino.

The variation in veat-linc orossure difforontiale during simu—
latcd flight for sovoral initial fucl temporaturcs (shown in
fig. 12(a)) is similar, with the initial prossuro difforontial
ocecurring at the initiel point of approciable fuol-vapor loss
(orobably closc to the critical altitude). The vressure difforen-
tial tonds to rcach a maximum within a rclativoly short time and
then levols off for the remainder of tho climb voriod. Tho leveling-
off can bec oxoccted bncausc the rato »f fuol-vapsr loss wlith alti-
tude 1s constant during this poriod of tho siimulated flight and the
prcasuro differontial tarough the vent lino 1s a function of tho
veight rate of flow through 1it.

Thompeon Productes, Inc. — Tho vent 1ino usod in tho tosts
concuctod by Thompoon consisted of 10 foot of l-inch~outsido—-dlamotor
tubing containing throe 90° bonds end mado un of scven sections in
all, cach coarcectod by floxiblo couplings. The prossurc drop in tho
vont lino was rccorded asm the Aifforonceo botweon tho mrossureo in
tho fuel tank and that in t:o Yaltitudc teank." The curves of proc-
suro drom as a function of altitudc (fig. 12(b)) aro of tho same
genoral shapo and start at apcroximatoly tho samo altitude as those
shown in tho Nash roport (fig. 12(e)). Thao ranld incroase in pree-
suro drop ovor the prossure drop rovorted by Nash 1s possibly due
to tho incrozsed reaistance offorod by the bonds and couplings in
the veont lino.

Boeing Aircraft Company. — Tho curvos prosentod in figuro 13

wore plotted from data obtained on test cetup ¥Fo. 1, in which tho
vent—oresoure drop during eimuleted flight et soveral rates of climb
was plotted as a function of altitudoe. Tho company report does not
state how tho pressuro drop in tho vont line was wcasured. It is
thorofore assumod that tho vressuro drop was moasurod as tho diffor—
onco betwoon tho prossuro in tho vacuum tanlz and that in tho Erlon-
meycr flask. Trom an inspoection of tho photograph of the tost in-
. stallation, tho vent lino appoars to be about 3 foot long and to
contain a 3/8-inch orificc comnnoctod by scctions of l-inch self-
soaling hoso to a gate valvo mountod on tho altitudo tank., Tho
curves show that tho oressure drop in tho vort tubo at a givon
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altitude lncrcases with an incresse in rate of climb. This condition
is to be oxpocted bocause the rate of fuel-vapor loss incroases with
ircroasod rate of climb and the pressure differential across the

vent line 1s a function of the weight rate of flow through the wvent
lino. The drop in pressure differential with increase in altitudo
before the end of the climb period, however, was probably due to

the fact thet a constant rate of climb of 2000 and 4000 feet por
minute could not be maintainod.

Gereral trands. — On tho basis of the data prescented from the
Nash, Boelng, and Thormpson lzboretorics, several gencrel trends can
bo notod. The vart-line prossure difforential: 1) increases with
incroased rato of climb; end (2) incrocces rapidly with increased
altitude at the voint at vhich epprecciable fuel-vapor loss occurs
and has a tendency to level off if a constant rato of climb is
maintainod.

COF.CLUSIONS

On the basis of a comparison of the data nresented by six
laboratorios on the fuol-vepor loss from fuel tanks during simulated
flight, the fol .owlng concluslons have becn reachod:

1. JFuel-vapror losseos during flight were approciable (3 porcont)
for flights to altitudes res low as 20,00C foot with an initial fuol
tomperaturc of 120° F. TFor a flight consieting of & climb to =
3%,000~foot altitudc with this nltitudo meintaincd for & hours and
with the booster pump in oporetion, lossoes of 20 porcent could be
obtained with AW-F-28 fuol at an initial tomperature of 120° F.

2. Most of the fuel-vapor loss nccurred during the climb
portion of tho flight with rolatively little lose during the remain-
der of tho flight at constant altitudo when no boostar pump was used.

3. The fueol-vapor loss incroased lincarly with altitude beyond
a critical altitudc.

Y, The critical asltitude increasod with decrocased initial fuel
temperature.

5. The fuel-vapor loss incroasc-d linearly with an increaso
in fuel tomporaturc above approximateoly 80° F,

6. Boostor-pump agitation markedly incrensod the fuel-vapor
loss during tho constant-altitude portion of the flight only.
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7. Bato of climb to a givon altitude had 1ittle or no offoct

on tho fuel-vagor 1oss for ratos of climb from 500 to hOOO foot
por mihitd. T

8. Tuol dopth had no offoct on fuol-vapor loss for dopths
varying from 1/3 foot to 2 foet. Tho lossos duo to foaming, surging,
or boiling-ovor were not investigated.

9. Veriations in fuol-surface area had little or no offoct on
fuol-vapor loss for surfaco ercas verylng from O. 034 squaro foot to
2.7 square fcet.

10. Vont—-lino proseurc difforontlal increased wlith increaecd
rate of climb nnd, at a constant rato of climb, built up repidly
goon aftor the critical eltitude hrd boon roached. When & constont

rate of olimb was malntainod, tho vent-linc pressure differentilal
tonded to lovel off,.

Aircraft Ensino Rosoarch IL=bnaratory,
Hationnl Advisory Committoo for Acronautics,
Cleveland, Ohio, Deccmber 172, 1944.



TABLE I - APPARATUS USED IN FUEL-VAPOR-108S TESTS

NATIONAL ADV ISORY

COMMITTEE FOR AERONAUTICS
Laboratory ey Boeing Aircraft Company Nash Engineering Ohio State Pesao Products Pratt & Whitney |Thompson Products,
Company University Company Aiporaft ing.
AN-YV-F-778, Amend- :
Fuel e AN-F-28, grade 100/130 ment 3, grade 91 Not stated 87 ootane AN-F-2B, grade 130 Not stated
AN-VV-F-781, Amend- 65 octane ;
ment 5, grade 100 .
Fusl-tank setup: Preliminary Test setup |Test setup
setup No. No. 2 ©
Shape and material Erlermeyer Glass Erlenmeyer |Cylindrical steel Cylindrical steel| Cylindrical steel |Cylindrical steel [Cylindrical stasl
flask ¢ylinder flask tank tank tank tank tank N
Dimensions or 2 liters 10 gal 2 liters 13%-1:.. I.D,, 56 in. |By approximation |2 ft in diameter, |Appears to be 195-1::. I.D., $5§ in.
capacity long and 223-in. 204-1n, I.D., 3 £t high 55-gel drum lofg
I.D., 24 in, long 38 'in. long
Insulation None None Lagged with|Insulated with ¥5-in. | Insulated with Insulated with Well insulated Completely insulated
asbestos sponge rubber 3/8«in. thicknens| 14-1n, thickness with 3{8-1;3 §h1ck-
of rubber " ness of cellular
of "Asbestocel rubber g
Vent line 48 in, of 1-in. I.D. Neoprene 10 £t of l-in. 0.D. |10 ft of l-in. 10 ft of l-in, 10 £ of 1-in, I.D.
0.16-in. I.D.|Neoprens hose |[tubing tubing -aluminum tubing |0.D., 0,048-1n. tubing
glass tube with 3/8-in. wall dural tubing
orifice
assembly
Method of agitation |None None None Nash booster pump Perco booster Pesco booster pumpiTrompson boostar |Thompson booster pump
pump pump
Method of simulating
Tlight:
Yacuum pump Vacuwm pump | Vacuum pump |Vacuum pump|Fuel tunk placed in |Steam-jet Vacuum pump Suction side of Vacuum pump
altituds chamber e jectors compressor "
Pump control Hand valve Hand valve Hand valve [Altltude contrclled |Hand valve Hand valve Hand valves Hand valvse
automaticnlly :
Nethod of measuring Mercury lereur{ Mercury Pressure recorder Nercury msnometer| Mercury manometer |Alreraft rate-of- |Mercury manometer
altitude ter or ter and recording climb indicator :

gaxe

and altimeter

Location of altitude
indieation

Inside fuel
tank

Inside fuel
tank

Inside fuel
tank

Inside vent lline

10 £t from fuel Eank

Inside vent line,
%0 ft from fuel

In surge tank, at
end of vent iine

Inside fuel tank

In surge tank, at
end of vent line

Nethod of determining
fuel-vaporization loss

tad

tad

Tank
on balance

ank
on balance

Tank mamted
on balance

Change in volume in
fuel tunk observed
throu#\ &lase windows
in tank

Tank mounted on
balance

Tank mounted on
balance

Volume measurement
of smount of fuel
condensed by cone

Tank mounted on
balance

denser ogerating
AL -50°
Mathod of controlling
fuel temperature: )

System used External Circulating hot{External External hot-water circul-tigg hot | Clrculating fuel cuculntinf steam { Fuel ‘oirculated by
hnting of water(110-120" F)he'ating of [heat exchanger, water|wuter (40° F to | through coll im- {through colls {n {pwsp through a hot-
flask by through coppariflask by circulated by booster|200° F) through |[mersed in oil bath|fuel tank water heat exchanger

. eslestric colls in electric pump at 200 gal/hr colls in fuel at 150° F at 1200 1b/hr, rete
heater eylinder heater tank of hsau:! ad_’luncd
. to 1° P/min

Nethod of measuring |Thermometer | Thermometer |Thermometer|Thermomutar 6 fn, Thermocouplas Single thermocouple { Thermocouples in | Thermocouples in
at bottom of [ nesr bottom |[at bottom |from bottom of tank ggnco:}ﬂ 65 1?, 18, 1% in. from bottom bgt:omklnd center ngk '22 tn }ntlx“:
Tlask of oylind f flask al n. of tun and outlet of hea

yiinder |o s nbéﬁn pbottom of | GONter of fuel tank exchanger
tan) .
Amblent-air- Heater used | None Heater used|Altitude chanber tem-|None None None None
temperature control to maintain to maintainjperature maintained
anbienteair amblent-airjat 70° F
temperature temperature
at fuel tem~ at fuel
psrature temperature
Sample analysis:
A.S.T.K. distillation{Yes Yos Yes Yos Yes Yes Yes Yes
Reid vapor pressurs {No No No Yeos Yeos Yes Yes Yes

61143
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TABLE II - PROCEDURES AND VARIABLES IN SIMULATED-PLIGHT FUEL-VAPOR-LOSS TESTS

Laboratory-——s

Boelng Aircraft Company Nash Engineering| Ohio State |Pesco Products| Pratt & Thompson
Company University Company Whitney Products,
Yariable§ Alrcraft Inc.
Preliminary|Test setup|Test setup |1/3-, 2/3-, 1-, |1- and 2-ft |1- and 2-[t 210 to 1- and
setup No. 1 No., 2 and 2-ft depths,|depths, depths, ~ 30 gal | 2=ft depths,
. . 1- and 2.7-sq ft|approx. 124 {approx. 135 approx. 95
Fuel quantity | PErcrre | 87oet | 8P ease |surrace and 248 1b |and 270 1b and 190 1b
Approx. 2.6 to
20.5 gal
Initial fuel 110 107 60, 90, 100| 60, 80, 100, and|€0, 80, 100,|60, 80, 100, |80, 100 |60, 80, 100,
temperature, °F 111 110 110, and 120 and 120 and 120 and 120 {and 120
120
Simulated flight 1000 500, 1000,|250, 5§00, 2000 and 4000 4000 4000 1000 4000
rate of climb, 2000, and {1000, and
ft/min 4000 2000
15,000 25,000
25,000 ) 30,000 ‘
Altltude, ft 40,000 40,000 40,000 35,000 35,000 35,000 35,000 35,000
50, 000 40,900
65, 000
Duration of
rlight, hr Climb only [Climb only|Climb only & 8 8 . 2 8
1. None 1. None 1. None 1. None |1. ﬁone
Agitation None None None 2, With booster {2. With 2. With 2. With |2, With
pump booster booster booster |booster
pump pump pump pump

a“Depending upon amount of loss anticipated’

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

VOVN
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Fuel-vapor loss, percent
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Fuel-vapor loss, percent
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Figure 2. - Fuel-vapor loss plotted as a function of simulated-flight time. Rate of

climb, 4000 feet per minute to 35,000-foot altitude, with this altitude maintained
to end of test; initlal fuel temperature, 120° F.
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Flgure 3. - Fuel-vapor loss plotted as a function of pressure altitude durihg the climb.
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Fuel-vapor loss, percent
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Figure 3. - Continued. Fuel-vapor loss plottéd as a function of pressure altitude during
the climb.
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Figure 3. - Concluded. Fuel-vapor loss plotted as a function of pressure altitude during,

the climb.
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Fuel=vapor loss, percent
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Figure 7. - Continued. Fuel-vapor loss plotted as a function of initial fuel temperature
with fuel unagitated. Climb to 35,000 feet with this altitude maintained to the end of
the flight. (Data points obtained by interpolating tabular data where necessary.)
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Figure 9. - Continued. Fuel-vapor loss as a function of initial fuel temperature with
fuel agitated by booster pump. Climb to 35,000 feet with this-altitude maintained to
end of test. (Data points obtained by interpolating tabular data where necessary. )
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Fuel-vapor loss, percent

2k i‘
NAT IONAL ADVISORY x \D. \
COMMITTEE FOR AERONAUTICS ~9%
X
[ 3]
2 P
! =
6 4
1 ﬂ/ 1
/ ™
¢ ]
12 3
/
>
S 3
4
8 B¢
Te
O |Onto| Stat 1 -60-B2
) -80-B2
N h-lo Bl
. 1-120-B2
+ | Thompson L2, U6, g, 49
x | Pes 25, 26,27, 28
¢ | Nas 1, 4,5,6
%0 %0 70 &0 90 100 110 120

Initial fuel temperature, OF
(e¢) 8 hours after end of climb.

Figure 9. -~ Concluded. Fuel-vapor loss as a function of initial fuel temperatufe with
fuel agitated by booster pump. Climb to 35,000 feet with this altitude maintained to
end of test. (Data points obtained by interpolating tabular data where necessary.)

*oN YW VIVN

61143



Fuel-vapor loss, percent

"ON ¥NW VIOVN

61743

a4 : -
NATIONAL ADV I SORY ' Time af_tejbendi
COMMITTEE FOR AERONAUTICS of cli :
8 |hr
A
20 =
-
P
P!
”//’ 1 hr
16 —
! // 8 |hr f‘
- I [hF :
//'// A 14 min ;
L~ - !
12 = : =
o — yd
- A
8 > 4 A/
P 7
L~ ,///
’///,f/f:://' /////’r Fugl unagitated
] - A —+ — 1 Fuel agiltated by
4 _ ;;/' bHoostelr punp -
/ % ‘
- L=
= /
//———"%,9
0 — | -
50 60 70 80 90 100 110 120

Initial fuel temperature, °F
Figure 10, - The effect of agitation on fuel-vapor loss during simulated flight.
611mb to 35,000 feet with thls altitude maintained to end of test, (Replot
of average curves from figs. 7 and 9.)



Fuel-vapor loss, percent

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
16
o Q
q < )
12 .
best
8
© | Ohio 8ta 1-120-
2-120-
+ | Thompson 13, 17
y
¢ [ Nash lji 14,] 15,
6, 1p
0
o i .8 1.2 1.6 2.0

Fuel depth, ft

Figure 11, - Variation of fuel-vapor loss with fuel depth during simulated flight,
Climb to 35,000 feet with this altitude maintained for 10 minutes; initial fuel
temperature, 120° F,

"ON YW VOWN

617Th3



NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
Tnitiial fuel
temferature
°F) Tegt
o 120 1l
+ 100 2
16
x 80 gg
o 60 22
f
¥, P
g 12 / L
. avd / g
g o /| \
° =
- ¥ A
(] Y
g /|
g &
[ ]
s /
[ ]
bef
3 / J
LAY /* yal
5 ///
[ ]
: / / /
a 4{//
0 » 4’}/ a3 a1z = L
0 5,000 10,000 15,000 20,000 25,000 30,000

(b) Thompson data.

Figure 12, - Concluded. Vent-line pressure differential plotted as a function of pressure
altitude for several initial fuel temperatures.
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Figure 13, - Vent-line pressure differential plotted as a function of pressure altitude
during simulated rllghts at several rates of climb obtained by Boeing. Initial fuel
temperature, 110° F,
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